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Abstract: This work proposes the synthesis of strontium ferrite by two different methods: sol-gel (SG),
using powdered coconut water (PCW) as a precursor, and laser floating zone (LFZ). The SG samples
were after treated at temperatures of 700, 1000, and 1200 °C, while the samples obtained by LEZ were
grown at pulling rates of 10, 50, and 100 mm/h. All samples studied were subjected to structural
characterization techniques, as well as electrical (AC and DC) and magnetic characterization. Through
X-ray diffraction, it was possible to observe that all the samples presented strontium ferrites, but none
were single phase. The phases detected in XRD were confirmed by Raman spectroscopy. Scanning
electron micrography allowed the observation of an increase in grain size with the temperature of SG
samples and the reduction of the porosity with the decrease in growth rate for LFZ fibers. Through
electrical analysis, it was observed that the most suitable samples for energy storage were the samples
grown at 100 mm/h (¢}, = 430,712; g, =11,577; tan 6 = 0.84; 05c = 0.0006 S/m, at 1 kHz). The remaining
samples had high dielectric losses and can be applied in electromagnetic shielding. The SG 700 °C
sample presented the highest magnetization (38.5 emu/g at T = 5 K).

Keywords: energy storage; strontium ferrite; sol-gel method; LFZ method; X-ray diffraction;
impedance spectroscopy; dielectric measurements

1. Introduction

Currently, we live in a world that is undergoing an energy revolution. The resources
that we have been using and abusing to produce energy are coming to an end, so it is
necessary to discover new environmentally friendly materials capable of storing energy. The
development of these materials has been growing exponentially because it is in these that
the future lies. Ceramic materials capable of storing energy, such as capacitors, have many
applications, such as in electric vehicles or electronic devices. The creation of materials with
a high dielectric constant and resistance to dielectric breakdown to withstand very high
voltages and allow the storage of large amounts of energy [1] is the key to the development
of energy stores. For a material to be considered a good energy store, it must have certain
characteristics such as low dielectric losses, a high dielectric constant in the case of electrical
energy storage and must present, a ferromagnetic behavior with high magnetization in the
case of e magnetic energy storage [2].

To protect humans and electronics from hazardous electromagnetic (EM) radiation,
electromagnetic shielding can be employed by using certain materials [3]. Two different
mechanisms for EM shielding exist. Absorption attenuation and attenuation based on
reflection [4]. Materials with high dielectric constants and losses, will provide shielding
due to their capability to absorb and dissipate EM radiation.

Ferrites are very interesting materials due to their electrical and magnetic properties,
such as high permeability, spontaneous magnetization, low magnetic losses, high electrical
resistivity, and high thermal stability, that have been applied in several areas such as
high-capacity batteries and in intermediate electrodes in rechargeable batteries [2], due to
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these characteristics were selected for this study. Ferrites can crystallize in three different
structures: cubic spinel structure (spinel) typical of materials with chemical composition
AFe,Oy (A = Zn?*, Cu?*, Sr**, Mg?*), hexagonal structure AgFe;O, (A = Ba®t, Ca®*, Sr2*)
and garnet type structure 3A; 5Fe,Og (A = Y3+) [5].

Strontium ferrite crystallizes according to a cubic spinel structure (spinel) typical of
materials with the chemical composition AByX4 [6]. Each unit cell of the spinel structure is
composed of 8 face-centered cubic structures. The X anions, in this case, oxygen (O?>~), are
arranged in a face-centered cubic structure. The bivalent cation A, in this case strontium,
occupies 1/8 of the tetrahedral interstices. The cation B, in this case iron, occupies half of
the octahedral interstices [6].

These ferrites have received attention due to their structure, which allows flexibility
in the position of metallic cations, as well as the variability of their number of valence
electrons, providing the formation of ferrites with different physical properties. Since
these are easily modified, they can act as different catalysts, such as photo or electro
catalysts, depending on the type of doping performed [7]. It has also drawn attention due
to its electromagnetic properties and is currently the subject of many studies of materials
development for energy storage. These ferrites present interesting electrical (Table 1) and
magnetic properties essential for energy storage, such as high magnetization saturation,
high dielectric resistivity, and low electrical losses [8]. These properties are dependent
on the preparation method, the chemical composition of the compound, the sintering
temperature, the density, and grain size [9,10].

Table 1. Values of electrical properties of different ferrites.

Electrical Properties
(@300 K; f =1kHz)

Ferrites
e, & tan &
LiFe;Og (HT @800 °C) [11] 22.83 2.3 0.1
NazFe;09 (HT @1100 °C) [12] 807.8 285.1 0.35
Y3Fe501, (HT @1000 °C) [13] 11.49 1.15 0.1
SrFeqOq3 (HT @1100 °C) [14] 5.5 10! 0.01
SrFe2019 (HT @650 °C) [15] 12 7 0.6
NiFe,O4 (HT @1100 °C) [16] 5 7 0.6

The sol-gel method has been widely used for the formation of nanometric particles.
This process consists of the formation of a colloidal solution (called sol), which subsequently
passes to a gelation phase through a thermal treatment to form a three-dimensional network.
Powdered coconut water (protein route) has been used as a chelating agent, which allows
the metallic ions to be fixed in the solution, forming a soluble and non-toxic complex [1].
This process makes it possible to obtain the desired crystalline phase using relatively
low temperatures, which facilitates its manufacture at a low production cost, with the
advantage of obtaining nano-sized particles with low contamination [17] and excellent
chemical homogeneity, on the other hand, some of the disadvantages of this process are the
loss of a lot of organic material [1]. The passage of the solution from the sol phase to the
gel phase is accompanied by a change in the pH of the solution. The pH variation causes
variations in the structural and magnetic properties of the nanoparticles; that is, with the
increase in the basicity of the solution, the forbidden energy band decreases, as well as the
magnetization value [18].

There are several preparation SG methods, but the most used is the Pechini route,
which consists of using citric acid to form chelates with metallic cations, used to form a
polymeric network with the aid of ethylene glycol. This solution is subsequently heated,
initiating the esterification process between citric acid and ethylene glycol resulting in the
formation of a ceramic material [19].
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The laser floating zone (LFZ) method allows the growth of materials with a very
high melting temperature due to the focus of a CO, laser on materials that absorb this
wavelength. This method provides the growth of a material with a crystallographic align-
ment [20]. The formation of ferrites takes place inside a growth chamber that can work at
different atmospheres and pressures, which interact with the kinetic of the crystallization
process. Inside the growth chamber, a system of mirrors is responsible for focusing the
laser light on the sample. To control the growing process, a homemade program is used to
control the power laser and pulling rate (growth rate) and allows us, to observe the melted
region in real-time. The growth rate parameter is extremely important in the crystallization
process. A slower growth rate provides the growth of larger crystals with a more homoge-
neous composition and normally without secondary phases, but this also depends on the
material and phase stability, in contrast to the higher growth rate [21].

The focus of this study was the energy storage capacity of strontium ferrites, namely
SrFe; Oy, obtained by two different preparation methods, the sol-gel (SG) method, where
nitrates were used as base materials for the formation of strontium ferrite and the laser
floating zone (LFZ) method where the ferrites were formed based on oxides. The use of
two different methods allows a comparison to define the most efficient method and the one
that produces a better material for energy storage. The samples obtained were analyzed
using several techniques, allowing their microstructural, morphological, electrical, and
magnetic characterization as energy storage material.

2. Materials and Methods
2.1. Preparation by Sol-Gel via Protein

Strontium ferrite (SrFe,O4) was made by sol-gel (SG) technique, the formation of
ferrite is carried out from nonahydrate iron nitrate [Fe(NOs3)3-9H,0O, Aldrich- Darmstadt,
Germany, 99.8%] and strontium nitrate [Sr(NO3);, Aldrich- Darmstadt, Germany, 99.8%].
The aim is to form strontium ferrite (SrFe;Oy), starting from metallic nitrates, considering
the stoichiometry of the chemical reaction, 2 mol Fe(NOj3)3-9H,O: 1 mol Sr(NO3),. A
coconut water solution is used as a chelator, in addition to the fact that it is rich in proteins
that are responsible for binding to metal ions forming the polymeric network, hence the
name of this route as a protein pathway [22]. Powdered coconut water (PCW), a precursor
of the reaction, was used in excess in a stoichiometry of 2 mol (PCW): 1 mol (SrFe,Oy) to
guarantee that the intended reaction occurred. The coconut water solution, after being
prepared, was added to the mixture of nitrates. After homogenizing the mixture, a first
pH measurement was performed at room temperature (20 °C), obtaining an initial value
of 1.4. For the formation of the gel, the solution was mixed with the aid of a magnetic
stirrer on a heating plate. Initially, the solution was placed at a temperature of 80 °C for
two hours, during which time the pH of 30 was measured every 30 min. Subsequently, the
temperature was raised to 100 °C for two hours, and the pH was measured every half hour.

Despite the oscillation of the pH values, it is possible to verify that initially, the pH
value decreased slightly, and after 90 min, a variation of this tendency occurred with
an increase, obtaining the final value of 1.60 after 255 min. It is assumed that when the
trend inversion of the pH value occurs, the intended chemical reaction occurs, that is,
the formation of the gel. With the change in the pH value, it was possible to verify that
both the color and the consistency of the solution began to change, changing from a very
aqueous solution with a dark brown color to a thick and clearer solution. Finally, the gel
was obtained and was taken to the oven to remove excess solvent. During the first 30 min,
the temperature was increased to 350 °C with an increment of 10 °C per minute. Once
350 °C was reached, this temperature was maintained for 1 h. Then, the oven was cooled
down through its thermal inertia.

The solution was then ground to obtain a powder that was used to create the pellets,
which were later treated and analyzed. Each pellet was made with approximately 180 mg
of powder and with the addition of a drop of polyvinyl alcohol (PVA, Merck-Darmstadt,
Germany, 99%), enabling the bonding of the nanoparticles. After being well mixed, the final
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product was placed in a steel mold with a diameter of 13 mm, and a pressure of 3 tons/cm?
was applied using a uniaxial hydraulic press.

After compression of the powder, the pellets were thermally treated. This thermal
treatment has as its main objectives the formation of the intended crystalline phase as well
as the densifying of the pellets, through a sintering process. Sintering provides a reduction
in the pores of the pellets due to the increase in the grain and increases their resistance to
external forces (mechanical resistance) [1,23].

The heat treatments all started with an increase in temperature at a rate of 5 °C/min
until 100 °C was reached. Once this level was reached, it was maintained for one hour to
remove humidity present in the pellet. Subsequently, the temperature was increased at the
same rate until the desired temperature was reached, according to the analysis of the results
obtained in the differential thermal analysis (DTA) and thermogravimetric analysis (TGA).

2.2. Preparation by Laser Floating Zone

This preparation technique aims to create rods of strontium ferrite that will later be
used as seeds and feed for the growth of the fiber. The formation of this material is achieved
with a laser beam to melt the precursor and initiate the crystallization process. This system
is controlled and monitored, allowing the fiber growth process to be carried out according
to a specific growth rate.

The formation of the strontium fiber obtained by this method is based on iron oxide
(FepO3, Aldrich- Darmstadt, Germany, 99.8%) and strontium carbonate (SrCO3, Aldrich-
Darmstadt, Germany, 99%), which were used to obtain the following stoichiometry:
SI‘F6204.

After weighing the reagents, the powders were placed in an agate vessel together
with spheres of various sizes and alcohol as a dispersing medium. The Agata vessels were
placed in the planetary mill for 2 h with a rotation speed of 250 rpm. This process allowed
the formation of a homogeneous powder resulting from the mixture of iron oxide and
strontium carbonate.

After mixing the powders, a mixture of polyvinyl alcohol (PVA, Merck-Darmstadt,
Germany, 99%) and distilled water at a concentration of 0.1 g/mL was added to facilitate
the binding of the particles, creating a more consistent mixture. Then, the mixture was cold
extruded, creating rods with a circular base of 3 mm and lengths up to 12 cm, which had a
clay-like texture. After drying at room temperature, in a mold so that they were as straight
as possible, the dried fibers were then placed in the LFZ system, equipped with a Spectron
SLC 200 W CO;, laser of 200 W with a wavelength of 10.6 um.

Fibers were grown at 10, 50 and 100 mm/h, with constant laser power at room
conditions. This power was defined so that the melting process presents as consistent and
homogeneous as possible. The growth rates were chosen to observe their effect on the
electrical and magnetic material properties.

The feed rotates at 15 rpm while the seed at —5 rpm (in the opposite direction to the
rotation of the seed), obtaining a fiber as shown in Figure 1. At the base, a reddish color
can be observed corresponding to the initial phase before growth (raw material). The dark
grey area corresponds to the beginning of the growth process, and the metallic area to a
fully formed fiber.

2.3. Characterization Technigues

The differential thermal and thermogravimetric analyses of the ferrites produced by
the sol-gel method were carried out in the Hitachi (Tokyo, Japan) STA7300 equipment,
from a temperature of 40 °C to 1200 °C, with a heating rate of 5 °C/min, in a nitrogen
atmosphere (50 mL flow rate). This technique was not performed on LFZ samples, since in
these the heat treatments were not necessary.
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Figure 1. Example of strontium ferrite fiber produced by the LFZ method.

X-ray diffraction powder analysis (XRD) was made using Malvern Panalytical (Malvern,
UK) AERIS equipment with a CuK « radiation, a wavelength of 1.54060 A at 40 kV
and 15 mA, with a 20 angle step of 0.0220°. The peaks were indexed using the ICDD
(International Central for Diffraction Data) database.

Scanning electron microscopy (SEM) is a technique that allows knowing the morphol-
ogy, composition, and orientation of the grains of the sample material under study [24].
A Tescan (Brno, Czechia) Vega 3 microscope with a Brunker (Billerica, MA, USA) X-ray
detector was used. For sample analysis, a layer of carbon was deposited. The samples
obtained through the LFZ method were impregnated in resin and subsequently polished
up to 1 pum polishing cloths.

Raman spectroscopy is a technique used to identify and quantify the compounds
present in the sample and to obtain physical characteristics through the vibration of
molecules [25,26]. A Jobin-Yvon (Palaiseau, France) HR-800-UV spectrometer was used at
room temperature with a laser with a wavelength of 532 nm (green), using a magnification
of 50 times.

For DC voltage, the samples were prepared by placing silver paste on both circular
surfaces of the sample together with two conductive wires. These data were used to plot
the graph of electrical conductivity as a function of time at room temperature. A Keithley
model 617 electrometer was used for this analysis.

For carrying out the AC electrical measurements, the samples obtained by the sol-gel
method already had an ideal geometry (sample thickness much smaller than its diameter)
using the parallel plate condenser model. On the other hand, the samples obtained by LFZ
had an opposite geometry, so it was necessary to carry out several treatments/polishing
to obtain a sample with the necessary characteristics. Agilent (Santa Clara, CA, USA)
4294 impedance analyzer was used to carry out AC measurements. The measurements
were carried out with a sinusoidal voltage of 0.5 V and a frequency range from 100 Hz to
1 MHz at room temperature.

The magnetic behavior of the samples was measured for all samples between 5 and
300 K, recording the magnetization value as a function of temperature (Field Cooled and Zero
Field Cooled, at H = 0.1 T) and magnetic field (hysteresis measurements between +10 T).

3. Results and Discussion

The powder obtained by the sol-gel method was submitted to thermal analysis, to per-
form a thermal characterization, where it was possible to identify possible transformations
that occur in the sample, with the temperature increases, allowing us to define adequate
treatment temperatures. The curves obtained in the DTA and TGA analyses, are shown in
Figure 2.



Crystals 2024, 14, 550

6 of 19

100
20 |95
- 90
0 I
-85
3 -20 4 -—80 §
<
<C L
O
a 75 F
-40 - I
-70
-60 - - 65
Exo 1200°c - 60
-80 T

0 200 400 600 800 1000 1200
Temperature (°C)

Figure 2. Graphs obtained in the DTA and TGA analyses of the powders obtained by sol-gel.

Figure 2 shows three distinct regions of mass loss. The first region is found between
50 and 400 °C, where a loss of 15% occurs due to the nitrate’s elimination present in the
sample [27]. A second region from 400 to 700 °C, where a possible mass loss of 20% is
observed due to the evaporation of organics [28], accompanied by an exothermic peak in
the DTA curve, which may be associated with the formation of a crystalline phase, at a
temperature of approximately 650 °C. Between 750 and 850 °C there is a mass gain of 3%
followed by a new exothermic peak at 750 °C. Finally, between 900 and 1200 °C, there is a
new mass loss of 2%. In this region, it is also possible to observe two exothermic peaks, one
at 1100 °C and another at 1200 °C, which most likely occur due to the formation of new
crystalline phases.

Considering results obtained from DTA curves, temperatures of 700, 1000 and 1200 °C
were chosen for the thermal treatments of the samples produced by the sol-gel method since,
according to the results of the thermal measurements, at these temperatures important
chemical and structural transformations take place.

After heat-treating the powders obtained by sol-gel at temperatures of 700 °C, 1000 °C,
and 1200 °C, X-ray diffractograms were obtained (Figure 3a—c, respectively). Analyzing
the results obtained for the sol-gel samples at a temperature of 700 °C, the phases SrFe, Oy,
SrFeOs, and Fe,O3 were detected. Increasing the temperature, the samples underwent
several changes, observing different crystalline phases for the samples treated at 1000 and
1200 °C, which can be attributed to SryFesO13 and SrFe12019. According to the literature,
these two phases were found at a temperature of 1100 °C [14,29]. It is possible to observe
that with temperature increases, the strontium ferrite phase (SrFe,Oy begins to transform
into other phases. This transformation is gradual, and therefore, the appearance of new
phases should begin shortly after the temperature of 700 °C, most likely related to the
exothermic peaks at temperatures of 750, 1100, and 1200 °C, as shown in Figure 2.

The diffractograms of the samples obtained by LFZ at the rates of 10, 50, and 100 mm/h
(Figure 3d—f, respectively) were not possible to associate with a single phase. These samples
show two phases, associated with SrysFesOq3 and SrFei,019, also present in the sol-gel
samples heat treated at 1000 and 1200 °C. In the LFZ, since all samples are obtained through
melting, the temperature is not a variable that can be changed. However, the growth rate is
a factor that controls the formation of new phases.
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Figure 3. X-ray diffractograms and the Rietveld fitted curves for samples (a) SG 700 °C, (b) SG
1000 °C, (c) SG 1200 °C, (d) LFZ 10 mm/h, (e¢) LFZ 50 mm/h and (f) LFZ 100 mm/h.

Rietveld refinements were performed on all diffractograms obtained (Figure 3). The
SG samples present a good fit based on the Goodness of Fit (GoF) parameter. For the LFZ
samples, the GoF is higher, mainly due to the peaks around the 28 and 48° marks. The
high intensity of these peaks makes the GoF higher due to the bad fit, which can be owed
to the fact that the LFZ samples can present a reduction of oxygen atoms, influencing the
intensity and the shift of peaks [30].

From the Rietveld refinements, quantitative analysis was also performed, and is
presented in Table 2. For the sol-gel samples, it is possible to verify that the desired phase of
SrFe; Oy is present in the sample heat-treated at 700 °C, with a percentage of 38.3%. Between
the samples heat treated at 1000 and 1200 °C, a slight increase in the SrFe;,019 composition
is observed, with the increase in heat treatment temperature. This is corroborated by the
results obtained for the LFZ samples, where the increase in pulling rate and a decrease in
temperature in the fiber leads to a decrease in the SrFe;,019 phase.
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Table 2. Composition percentages obtained from Rietveld refinements for all the synthesized samples.

Sample Composition
SrFeOg3 (47.2%)
SG 700 °C SrFe,0, (38.3%)

Y-FEZOg (14.50/0)
SI‘4F€6013 (78.20/0)

SG 1000 °C SrFe;,019 (21.8%)
56 1200°C SO G
LFZ 10 mah oo Or (2350
LFZ 50 mm/h 2?%5?58}3 gf ;;))
LFZ 100 mm/h e o)

SI‘F612019 (20.90/0)

The Raman spectra (Figure 4a,b) show the existence of a vibration mode at 700 cm .

This mode is visible in all samples except the sample obtained by the SG method at
700 °C, corroborating the XRD results showing that this sample presents different phases
when compared to the other samples. According to the literature [31,32], this vibrational
mode at 700 cm~! is related to the existence of strontium hexaferrite (SrFe;,0;9), which
is precisely found in samples that present this mode of vibration. Another evident mode
is found between 1250 and 1500 cm ™1, which, according to the literature, corresponds to
the formation of hematite (Fe,O3) [33]. The existence of vibration bands at 213, 285, 301,
and 402 cm ™! are also noticeable, which, according to the literature, are associated with
the presence of the a-Fe;O3 phase [34]. This crystalline phase is not present in the samples
according to the X-ray diffraction analysis; this fact is attributed to its crystallinity not being
sufficient to be detected.

Intensity (arb. un.)

100

WMW
1200 °C
c
==
e}
s
> 50 mm/h
1000 °C @
L
£
10 mm/h
700 °C
1600 2100 2600 100 600 1100 1600 2100 2600
i -1
Raman Shift (cm™) Raman Shift (cm™)
(a) SG Samples (b) LFZ samples

Figure 4. Raman spectra for (a) samples obtained by LFZ and (b) sol-gel samples.

From Table 3, it is possible to observe that with the increase in treatment temperature,
the grain size increases, and the samples become less porous, showing a similar behavior to
those reported in the literature [1]. In the sample treated at 700 °C, the grains that make up
the sample are all the same, producing a very uniform surface with agglomerated grains, as
described in the literature [35]. As the temperature of the heat treatment increases, grains
with different shapes and sizes begin to appear. In the sample treated at 1000 °C, it is
possible to observe the appearance of grains with different shapes (within the circumfer-
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ences in the image), some with a pointed shape, others with a round shape, and it is also
possible to observe grains that are very similar to the grain present in the sample treated
at 700 °C. In the sample treated at 1200 °C, these grains are no longer so visible, probably
due to coalescence related to the heat treatment temperature. The change in the shape and
size of grains between the SG 700 °C and 1200 °C can be seen as the appearance of new
phases of strontium ferrite, which has already been shown both in XRD analysis and by
Raman spectroscopy. All samples, according to the EDS map (Table 3), are formed only
by strontium, iron, and oxygen, which is also corroborated by the previously mentioned
analysis methods.

Table 3. Micrographs and EDS maps for heat-treated SG samples.

Sample

Micrograph EDS Map

700 °C

1000 °C

1200 °C
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Table 4 presents the micrographs of the polished longitudinal surfaces of the samples
obtained by the LFZ method. It is possible to observe in all samples, the orientation of the
phases (vertical) and the formation of zones that predominantly contain iron (red in the
EDS map) and other regions with strontium and iron (blue in the EDS map), confirming the
results from XRD and Raman analyses. From the EDS analysis, it was possible to verify the
distribution of the majority of elements on the surface of the samples of iron (52.5%) and
strontium (47.5%) related to the major phase SryFesO13. Regions with different ratios of
iron and strontium were also observed related to the phase SrFe;,019. In the sample grown
at 10 mm/h, it is possible to observe that the crystals align with the growth direction. In
the sample obtained with a growth rate of 100 mm/h, crystals parallel to the growth of the
fiber are visible. These crystals are very long, almost the length of the fiber, and regular. In
the sample with a growth rate of 50 mm/h, the crystals are not as regular, have a greater
width, and are not all oriented in the direction of growth. This behavior agrees in line with
the literature [36].

Comparing the micrographs from both methods (Tables 3 and 4), it is possible to
observe that the LEZ provides the formation of samples with a much smaller grain bound-
ary density. This difference was expected to influence the electrical conductivity of the
samples [37]. Moreover, by analyzing the distribution of elements in the EDS map (Table 4),
it was possible to confirm the existence of at least two regions/phases in the sample grown
at 50 mm/h. One of them has a ratio of Sr/Fe, which may be related to the SrsFe;O3 phase
detected through XRD analysis. The other phase found has a higher ratio of Fe than Sr,
confirming the SrFe;,019 phase detected by XRD (Figure 3).

Table 4. Micrographs and EDS maps obtained for samples grown by LEZ.

Samples

Micrography EDS Map

10 mm/h

50 mm/h
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Table 4. Cont.

Samples

Micrography

100 mm/h

0.035

The DC conductivity measurements (Figure 5a) at 300 K show that thermal treatments
at higher temperatures result in higher conductivity. This may be related to the grain size
that increases with the increase in temperature due to the sample becoming less porous,
increasing electrical conduction. According to the literature [38], this phenomenon of
increased conductivity with increasing grain size is common; nevertheless, after a certain
grain size, this trend reverses.
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Figure 5. DC conductivity at 300 K values for samples obtained by (a) SG and (b) LFZ methods.

For the samples obtained with LFZ (Figure 5b), the variation of the conductivity values
is not linear with the increase/decrease in the fiber growth velocity. The fiber grown at
a rate of 50 mm/h is the one with the lowest DC electrical conductivity, followed by the
10 mm/h fiber and finally the 100 mm/h fiber. These results can be attributed to the higher
porosity of the sample grown at 50 mm/h.

Comparing the results of the samples obtained, it is possible to verify that the sample
with the highest DC conductivity is the sample obtained by SG treated at 1200 °C, with
a value of o4, = 0.030 S/m, which is much higher than the maximum conductivity value
obtained by LFZ, which was the sample grown at a rate of 100 mm/h with a value of
04c = 0.0016 S/m.

Analyzing the graphs of dielectric constant (¢,’) and dielectric losses (e,”’) at 300 K
(Figure 6), it is possible to confirm that both magnitudes decrease with increasing frequency.
This trend is common to all samples obtained by SG (Figure 6a) and by LFZ (Figure 6b).
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The dielectric constant decreases with increasing frequency because the polarization of
dipoles, present in ferrite, decreases at higher frequencies. Dielectric losses may increase
with frequency and then decrease, resulting in a process of dielectric relaxation. Based on
the literature [35,39], this behavior is common to ferrites since, from a certain frequency,
the exchange of electrons cannot follow the variation of the applied electric field; that is,
the polarization of the material cannot follow the direction in which the field it is applied,
resulting in a decrease in the ¢,’ [35,39].
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Figure 6. Dielectric measurements as a function of frequency, at 300 K, for (a) SG and (b) LFZ samples.

According to the literature [35], with the increase in the treatment temperature, an
increase in the dielectric constant and dielectric losses occurs [35], and this behavior is also
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observed in other ferrites. This phenomenon was not verified in the analyzed samples
(Figure 6a,b). In our work, in the case of the dielectric constant, the opposite was observed
since, for a frequency of 1 kHz, the sample that presents the highest dielectric constant
is the sample treated at lower temperature (700 °C, ¢,’ = 9219) decreasing up to sample
treated at high temperature (1200 °C, ¢, = 4899). This phenomenon may be related to the
crystalline composition of the samples since, according to the X-ray analysis, the sample
treated at 700 °C presents a single phase of SrFe;O4 and the other two samples heat treated
have several crystalline phases with similar compositions. Another important variable for
this behavior obtained is the different grain size since the sample treated at 700 °C has a
smaller grain size than the other samples treated at high temperatures. This implies that
there are more grain boundaries, which leads to an increase in the polarization between
the contacting faces of the grains, thus increasing the dielectric constant [40], known as
Maxwell-Wagner-Sillars polarization. In terms of dielectric losses, the one with the highest
losses for 1 kHz is the sample treated at 1000 °C (¢,” = 615,613), and the one with the
lowest losses is the sample treated at 700 °C (e;" = 75,152). Once again, the behavior of the
samples treated at 1000 and 1200 °C have very similar behavior, with the sample treated
at 700 °C showing the greatest difference in the values obtained. This result is due to the
crystalline composition of the samples, as well as the size and shape of the grain of the
samples, confirmed by SEM analysis.

Analyzing the graphs obtained for the LFZ samples (Figure 6b), it was possible to
observe a dielectric constant increase with the decrease in the growth rate of the LFZ
samples. Comparing the results obtained from the LFZ samples with the SG samples and
considering the X-ray analysis, it was possible to verify that the samples obtained by LFZ
with a lower growth rate have a phase composition like samples heat treated at higher
temperatures. Therefore, it is expected that the sample with the highest growth rate will
have the highest dielectric constant, as well as the sample treated at the lowest temperature.

For 1 kHz and 300 K, the dielectric constant has values of ¢," = 2217 for the sample
grown at 10 mm/h, ;' = 40,485 for 50 mm/h, and ¢,/ = 430,712. However, in dielectric
losses, this connection is not verified since the sample that presents greater losses is the
sample growth at 50 mm/h (&;” = 51,336), and the one with smaller losses is the sample
grown at 10 mm/h (e;” = 1363). This may be related to the low density of grain boundaries,
discussed in the analysis of the micrographs of the LEZ samples.

Comparing the values obtained for all samples, it is possible to verify that, at a
frequency of 1 kHz, all LFZ samples present lower dielectric losses than the SG samples.
As for the dielectric constant, the sample grown at 10 mm/h has a lower value than
all LFZ samples at a frequency of 1 kHz. On the other hand, the LFZ samples have
dielectric constants four times higher than the samples obtained by SG. According to the
literature [39,41], it is common for dielectric losses to decrease with increasing frequency.
In sol-gel samples, the decreasing trend of dielectric losses with increasing frequency is
clear and happens for all samples. Analyzing Figure 6a, it is possible to observe that the
samples treated at 1000 and 1200 °C have present tan é very similar for the entire range of
frequencies, which was to be expected once, according to the X-ray analysis, their crystalline
composition is very similar. The sample treated at 700 °C presents the lowest values for the
dielectric loss tangent.

The samples obtained by LFZ (Figure 6b) do not show such a coherent behavior.
The sample grown at 10 mm /h is the only one that follows the pattern, where the value
tan 0 decreases with frequency increases. For the sample obtained at 100 mm/h, a peak
is observed at higher frequencies, suggesting a relaxation process. The sample grown at
50 mm /h exhibits very different behavior, as its tan § increases up to the frequency of 5 kHz
and then starts to decrease.

Analyzing the values obtained for the frequency of 1 kHz, all the samples obtained by
LFZ have lower values of tan §, with the sample grown at 10 mm/h presenting the lowest
value (tand = 0.61) while the sample treated at 700 °C presents the lowest value for SG
samples, with a value of tan J = 8.40.
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Conductivity AC increases with increasing frequency in all samples (Figure 7) at a
temperature of 300 K, which is in line with the literature [35,42,43]. Conductivity is related
to the number of charge carriers that respond to changes in frequency and temperature [43].
At low frequencies, AC conductivity is affected by grain boundaries, on the other hand at
high frequencies, grain boundaries are a catalyst for AC conductivity [42].
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Figure 7. AC conductivity as a function of frequency at 300 K for (a) SG and (b) LFZ samples.

The samples formed by SG (Figure 7a), all present a very similar behavior, initially
the conductivity has a practically constant value, but from a frequency of 10 kHz the
conductivity value starts to increase exponentially. In the frequency range analyzed, the
sample treated at 1000 °C is the one with highest conductivity and the sample treated at
700 °C with the lowest conductivity.

The samples obtained by LFZ (Figure 7b), show from low to high frequencies, an in-
crease in conductivity. In all the frequency range the sample that has more AC conductivity
is the sample grown at 50 mm/h and the sample that presents less conductivity is the
10 mm/h.

For 1 kHz, the sample with the lowest AC conductivity is the sample grown at
10 mm/h with a conductivity of g, = 7.5 x 10> S/m, the one with the lowest value is the
sample treated at 1200 °C with a value of o, = 2.0 x 1072 S/m. In general, all samples
obtained by LFZ have lower AC conductivity than samples obtained by SG, which is
expected since the latter exhibit lower dielectric losses (¢,”).

Analyzing the results in general and considering a material to be good for energy
storage, it needs to present a high dielectric constant and low losses. It is possible to
conclude that of the samples obtained by SG, the most appropriate would be the sample
treated at 700 °C. In the samples obtained by LFZ, there is none that truly stands out.
However, the most appropriate seems to be the sample grown at 100 mm/h since it has a
higher dielectric constant and relatively low losses. Comparing these two samples (700 °C
and 100 mm/h), the most appropriate for energy storage would be the sample obtained by
LFZ, grown at 100 mm/h, since it presents higher values of dielectric constant and lower
losses. Yet, all the samples have high electrical dielectric constant; they also have very high
dielectric losses, so their use for energy storage is not suitable. Nevertheless, the remaining
samples, since they present very high dielectric losses, could be applied in electromagnetic
shielding devices.

Concerning the magnetic studies, analyzing the hysteresis cycles obtained for the
SG samples (Figure 8a), as expected, it is possible to verify that the samples subjected
to a magnetic field at a temperature of 5 K have greater magnetization for H =5 T than
the samples analyzed at 300 K. The sample treated at 700 °C is the one with the highest
magnetization: 38.6 emu/g at 5 K and 24.6 emu/g at 300 K. This high magnetization can be
due to the y-Fe,O3 phase, existent in the sample, as this phase, according to literature, can
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present a 74 emu/g saturation magnetization at 300 K [44]. The SrFeO3 sample presents
a negligible magnetization, while the SrFe;O,4 can present a saturation magnetization of
around 12 emu/g at ambient temperature. For the samples treated at 1000 and 1200 °C,
despite the former presenting a higher hysteresis, the saturation magnetization practically
does not vary from one sample to the other. This phenomenon may be related to the
crystalline composition of the samples since, according to X-ray diffraction, these are very
similar in the crystalline phases. Although these samples also present in their composi-
tion a high magnetization phase, SrFe;,019, with a saturation magnetization upwards of
70 emu/g [45], their bigger grain size can lower the magnetization of the samples.
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Figure 8. Hysteresis cycles obtained for 5 K and 300 K for (a) SG and (b) LFZ samples.

According to the literature [29], it is a common behavior of ferromagnetic materials,
for the saturation magnetization decreases with the increase in the temperature of heat
treatments. This phenomenon is related to the grain size of the sample, which decreases
with increasing temperature [46]. The results obtained are consistent with this trend since
the sample treated at 700 °C (smallest grain size, Table 2) is the one with the highest
magnetization, while samples treated at 1000 and 1200 °C show similar magnetization. All
cycles indicate that all particles have a ferromagnetic behavior, since they have an area in
the hysteresis cycle.

From hysteresis cycles obtained for the LFZ samples (Figure 8b), the samples at 5 K
have a much higher magnetization than at 300 K (room temperature). All samples seem
to tend towards a saturation magnetization that does not change much when comparing
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the values of one fiber to another. This can be since they present very similar compositions
with the same phases. The fiber grown at 100 mm/h presents the highest magnetization for
both temperatures: 25.9 emu/g at 5 K and 18.1 emu/g at 300 K.

Comparing the obtained results (Figure 8), it is possible to conclude that the sample
with the highest magnetization is the sample treated at 700 °C, with a value of 38.6 emu/g
(T = 5 K). As previously mentioned, magnetization decreases with the increase in the
treatment temperature (SG samples), and the same happens with the increase in the pulling
rate (LFZ samples). The difference in the behavior of the samples obtained by SG and LFZ
is related to the grain’s formation in the samples, which varies with the method. In the LFZ
samples, the grain boundary density is much lower, and the surface is much less porous,
with all samples being very similar. On the other hand, samples obtained by SG have
visible differences in grain shape and size when the treatment temperature is increased.

In the sample treated at 700 °C (Figure 9a), the blocking temperature is approximately
287 K, the temperature at which the ZFC and FC lines start to diverge. For the samples
treated at 1000 and 1200 °C, it is not possible to determine the blocking temperature since
the ZFC lines do not overlap the FC lines in any temperature range analyzed. This fact
was due to the analysis method carried out since after the measurement of hysteresis at
300 K, there is a remaining magnetization in the sample, translating into a translation in
the measurement under FC relative to ZFC [43].
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Figure 9. FC and ZFC curves, recorded at 0.1 T, for (a) SG samples and (b) LFZ samples.

In the samples obtained by LFZ (Figure 9b), the blocking temperature is much easier to
define since the divergence of the lines is clear. As previously mentioned, knowledge of the
experimental sequence is important, as in these measurements, there is also a translation
of the measurement under FZ relative to ZFC, justified by the experimental sequence
of magnetic measurements. For samples grown at 10, 50, and 100 mm/h, the blocking
temperatures are 66, 50, and 70 K, respectively.

4. Conclusions

The synthesis of strontium ferrite (SrFe;O4) using two different methods: Sol-Gel
via protein, using powdered coconut water as a precursor, and Laser Floating Zone,
were studied.

Three treatment temperatures were defined based on thermal analysis for SG samples:
700, 1000, and 1200 °C. For the LFZ, since all samples are obtained by melting, the parameter
a to vary was the growth rate of the sample: 10, 50, and 100 mm /h.

In the X-ray diffraction analysis, it was verified that only the sample treated at 700 °C
contained a phase of SrFe,O4 The samples obtained by SG at 1000 and 1200 °C presented
the SryFegO13 and SrFej,019 phases. These two phases are also present in the samples
obtained by LFZ. Raman spectroscopy confirmed the crystalline phases detected in the
X-ray analysis.
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In the SEM analysis, it was verified that grain size increases with the increase in the
treatment temperature between 700 and 1000 °C. Also, the appearance of grains with
different shapes and sizes indicates the appearance of new crystalline phases. In the
samples obtained by LFZ, a decrease in porosity and crystal growth direction was observed,
as well as a change in their length. Through the EDS map, the quantification of the elements
on the samples was carried out, making it possible to verify the existence of two phases in
the samples.

Regarding the electrical characterization, it was possible to verify the increasing
tendency of the DC conductivity with the increase in the treatment temperature of the
samples obtained by SG, as well as for the increase in the growth velocity of the samples
obtained by LFZ. The sample with the highest DC conductivity was the sample treated
at 1200 °C with o4, = 0.030 S/m’ and the sample with the highest conductivity from the
samples obtained by LFZ was the sample grown at 100 mm/h with o4, = 0.0016 S/m.

Through impedance spectroscopy, it was concluded that the samples with the highest
dielectric constant and lowest losses were the samples treated at 700 °C for 1 kHz: e =9219;
&/ =75,152; tand = 8.1; 0ac = 0.004 S/m, for the SG method, and the sample grew at
100 mm/h, for 1 kHz: ¢,/ = 430,712; ¢, = 11,577; tan 6 = 0.84; 0ac = 0.0006 S/m, for the LFZ.

The magnetic analysis allowed to confirm that the samples obtained through the
sol-gel method present, in general, greater magnetization than the samples obtained by
LFZ. The sample that obtained the highest magnetization was the sample treated at 700 °C
with a value of 38.5 emu/g at a temperature of 5 K.

However, when comparing the samples from the two methods, the one with the best
relationship between dielectric constant and dielectric losses was the sample obtained by
LFZ at 100 mm /h, which is the most suitable for energy storage. The remaining samples
presented a high dielectric constant; nevertheless, the dielectric losses were so high that
it does not allow energy storage. This indicates that this material can be used in other
applications, for example in electromagnetic shielding.
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